1. Introduction {#sec1-antioxidants-09-00701}
===============

Reactive oxygen species (ROS) appear in different metabolic reactions in organisms living in aerobic conditions. The main representatives of ROS are superoxide radical (O~2~^•−^), hydroxyl (^•^OH), singlet oxygen (^1^O~2~), and hydrogen peroxide (H~2~O~2~), which together with reactive nitrogen species such as nitric oxide (NO), peroxynitrite (ONOO^−^), and nitrogen dioxide (NO~2~) are damaging agents causing death and involved in aging; however, they are also important players in cellular regulation mechanisms and signaling pathways \[[@B1-antioxidants-09-00701],[@B2-antioxidants-09-00701],[@B3-antioxidants-09-00701],[@B4-antioxidants-09-00701]\]. ROS may origin from endogenous or exogenous sources; endogenous sources include mitochondria, peroxisomes, and endoplasmic reticulum, where oxygen consumption is high \[[@B5-antioxidants-09-00701]\]. Exogenous sources of ROS include ionizing and non-ionizing radiation, drugs, pollutants, food, ultrasound, xenobiotics, and toxins \[[@B6-antioxidants-09-00701]\]. Low doses of radiation generate small amounts of ROS, causing limited disturbances to the redox state, but higher doses cause chronic oxidative stress, which can constantly disturb redox homeostasis \[[@B7-antioxidants-09-00701]\]. Most certainly, cells cannot distinguish if ROS are produced by radiation or endogenously by mitochondrial respiration \[[@B8-antioxidants-09-00701]\]. The dual role of ROS as a damaging or signaling factor depends on their levels. To cope with the permanent presence of oxygen and too high production of oxygen-derived radicals, living organisms have developed cellular systems that equilibrate ROS levels and counteract oxidative stress. Redox homeostasis is maintained by special factors termed antioxidants, which can convert and neutralize ROS by various pathways. Antioxidants are chemical species or enzymes that can break the chains of cellular oxidative reactions in which free radicals appear. They can be produced by cells or, similar to some vitamins, taken from the environment. Among the enzymes participating in the maintenance of proper cellular redox conditions are superoxide dismutase (SOD), which converts superoxide radical to H~2~O~2~ \[[@B9-antioxidants-09-00701]\]; subsequently, H~2~O~2~ can be further converted to H~2~O by catalase (CAT), peroxiredoxins (PRDX), or glutathione peroxidase (GPX). Superoxide radicals can also react with NO to form ONOO^−^ \[[@B10-antioxidants-09-00701],[@B11-antioxidants-09-00701],[@B12-antioxidants-09-00701],[@B13-antioxidants-09-00701],[@B14-antioxidants-09-00701],[@B15-antioxidants-09-00701],[@B16-antioxidants-09-00701]\]

On the other hand, cells contain special enzymes that can directly and purposely produce superoxide radical and NO, such as nitric oxide synthases (NOS) and NADPH oxidases (NOX), and this production is also important for the maintenance of redox homeostasis and participation of ROS in cellular signaling pathways. Both NOX and NOS families of enzymes are important regulators of cell differentiation, growth, proliferation, and they are also mechanisms that are important for a wide range of processes from embryonic development through tissue regeneration to the development and spread of cancer. Redox homeostasis is important for all these processes, and it depends on the production and neutralization of ROS, which engages not only the above-mentioned enzymes but further sometimes complicated pathways, providing substrates for particular reactions \[[@B6-antioxidants-09-00701],[@B17-antioxidants-09-00701]\].

In the present work, we compared the expression levels of genes coding for enzymes producing ROS and NO, as well as others participating in the neutralization of ROS, in more than 1000 human cell lines originating from different tissues and cancers in the Cancer Cell Line Encyclopedia database \[[@B18-antioxidants-09-00701]\] and our microarray data. The levels of most of these enzymes are similar in different cell types, showing low expression of those producing superoxide radicals but high expression of those neutralizing superoxide radicals; however, some tissue specificity was seen. The changes of expression of genes engaged in redox homeostasis were examined in three cell types exposed to ionizing radiation, and the results suggest that different cell types use different redox pathways to cope with redox stress.

2. Materials and Methods {#sec2-antioxidants-09-00701}
========================

2.1. Analysis of the Levels of Transcripts Coding for Proteins Engaged in Cellular Redox Processes in HCT116, K562, and Me45 Cells {#sec2dot1-antioxidants-09-00701}
----------------------------------------------------------------------------------------------------------------------------------

To study the changes in transcriptomes induced by irradiation, we used HCT116 (a human colon carcinoma cell line established from the primary colon carcinoma of an adult man, ATCC-CCL247), K562 (an erythroleukemia cell line derived from a chronic myeloid leukemia patient in blast crisis, ATCC-CCL243), and Me45 (obtained from Dr M. Widel who established this cell line in the Center of Oncology in Gliwice from a lymph node metastasis of skin melanoma in 1997). Cells were exposed to 4Gy of ionizing radiation (1 Gy/min from a Clinac 600 GMV system), and transcriptome changes were assayed using Affymetrix microarray methods. The culture and irradiation conditions together with the microarray methods were described earlier \[[@B19-antioxidants-09-00701],[@B20-antioxidants-09-00701]\], and the results are available in the ArrayExpress database under accession number E-MEXP-2623 \[[@B21-antioxidants-09-00701]\]. All data are Minimum Information About a Microarray Experiment (MIAME) compliant. Microarray data quality was assessed using the simpleaffy Bioconductor package \[[@B22-antioxidants-09-00701]\]. Raw HG-U133A microarray data obtained from two experiments, based on HCT116, K562, and Me45 cell lines, were processed using the Brainarray EntrezGene specific custom CDF (v22) \[[@B23-antioxidants-09-00701]\] in R using the Robust MultiArray Average (RMA) algorithm implemented in the Affy Bioconductor library \[[@B24-antioxidants-09-00701]\]. Differentially expressed genes were identified using limma with q-value correction for multiple testing \[[@B25-antioxidants-09-00701],[@B26-antioxidants-09-00701]\].

Genes coding for proteins engaged in cellular redox processes were identified using Gene Ontology (GO) terms \[[@B27-antioxidants-09-00701],[@B28-antioxidants-09-00701]\] such as oxide, superoxide, nitric oxide, hydrogen peroxide, ROS, and reactive oxygen species, NO synthase, and NADPH oxidases. The levels of transcripts of these genes in non-irradiated and irradiated cells were extracted from the ArrayExpress database.

2.2. Expression of Redox Engaged Genes in Different Cell Types {#sec2dot2-antioxidants-09-00701}
--------------------------------------------------------------

To compare the expressions of genes coding for proteins active in redox processes, we extracted RNA-seq data from the Cancer Cell Line Encyclopedia \[[@B18-antioxidants-09-00701]\] that originate from 1025 different cell lines derived from various tissues. Standardized read counts were compared on a logarithmic scale between 41 genes grouped into 6 categories based on their involvement in redox processes; then, they were visualized as a heatmap. We additionally focused on a group of nine specific cell lines for which we visualized the expression levels using individual markers, providing a mean and standard deviation for each of the genes.

2.3. Microscopic Observation and Analysis {#sec2dot3-antioxidants-09-00701}
-----------------------------------------

The levels of nitric oxide and superoxide and their changes were analyzed in living cells using an Olympus CellR fluorescence microscope with a chamber for live observation and dedicated OV100 software. Cells were seeded in two dishes (35 mm diameter) (5000/dish) in colorless DMEM/F12 medium (PAN Biotech, Aidenbach, Germany, cat. no. P04-41650) enriched with 10% fetal bovine serum (EURx, Gdansk, Poland cat\# E5050-03-500), incubated in standard conditions for 48 h, and then MitoSOX Red (Thermo Fisher Scientific, Waltham, USA, cat. no. M36008) and DAF-FM diacetate (Thermo Fisher Scientific, Waltham, USA, cat.\# D23844) both at a final concentration of 5 µM were added to the medium. After 1 h of incubation, the medium containing dyes was replaced by fresh medium, the cells on one dish were irradiated with ionizing radiation (4Gy), and both dishes were placed in a chamber for live observation at 37 °C in 5% CO^2^. Images were acquired in three channels: red fluorescence, green fluorescence (wavelengths adequate for used fluorescent dyes), and transparency, every 0.5 h for 48 h.

Computational analysis of images was performed with ImageJ software (1.48f version) \[[@B29-antioxidants-09-00701]\] for the manual segmentation of cells and creation of binary masks. Matlab 2019b (MathWorks, Natick, Massachusetts, USA) was used for calculating Pearson's correlation \[[@B30-antioxidants-09-00701]\] between the brightness in the same pixels on two images taken from the same microscopic field but using different filters for MitoSOX Red and DAF-FM. The correlation was calculated to estimate the level of co-localization of two types of radical.

2.4. Construction of the Novel Interaction Schemes {#sec2dot4-antioxidants-09-00701}
--------------------------------------------------

Superoxide radical production and neutralization schemes were based on data from publications \[[@B1-antioxidants-09-00701],[@B9-antioxidants-09-00701],[@B17-antioxidants-09-00701],[@B31-antioxidants-09-00701]\] and data for reactions of H~2~O~2~ neutralization from \[[@B12-antioxidants-09-00701],[@B13-antioxidants-09-00701],[@B14-antioxidants-09-00701],[@B15-antioxidants-09-00701],[@B16-antioxidants-09-00701],[@B32-antioxidants-09-00701],[@B33-antioxidants-09-00701]\]. The data on NOS-based production of O~2~^•−^ and NO were found in \[[@B34-antioxidants-09-00701],[@B35-antioxidants-09-00701],[@B36-antioxidants-09-00701],[@B37-antioxidants-09-00701]\]. Data for the urea cycle providing L-arginine, the NOS substrate, were obtained from \[[@B38-antioxidants-09-00701],[@B39-antioxidants-09-00701],[@B40-antioxidants-09-00701]\], and those for the production and regeneration of tetrahydrobiopterin were from \[[@B41-antioxidants-09-00701],[@B42-antioxidants-09-00701]\].

3. Results {#sec3-antioxidants-09-00701}
==========

3.1. Pathways of Cellular Superoxide and NO Production and Neutralization {#sec3dot1-antioxidants-09-00701}
-------------------------------------------------------------------------

NO and superoxide are crucial radicals responsible for the redox status of each cell. They seem to be the only ROS that are produced purposely in all cell types and whose levels are precisely controlled by different regulatory circuits. Collecting different data from the literature, we created schemes of reactions interconnecting different enzymes and their products, which directly or indirectly participate in the regulation of superoxide and NO levels in cells ([Figure 1](#antioxidants-09-00701-f001){ref-type="fig"}, [Figure 2](#antioxidants-09-00701-f002){ref-type="fig"} and [Figure 3](#antioxidants-09-00701-f003){ref-type="fig"}).

[Figure 1](#antioxidants-09-00701-f001){ref-type="fig"} presents the main pathways by which superoxide and NO may be produced and neutralized in most cells. Among the wide range of ROS, O~2~^•−^ is thought to be the primary radical present in eukaryotic cells living in an aerobic environment \[[@B43-antioxidants-09-00701]\]. It is created when oxygen accepts an additional electron \[[@B1-antioxidants-09-00701]\], which is a reaction that may be catalyzed by NADPH oxidases \[[@B17-antioxidants-09-00701]\], NO synthases \[[@B34-antioxidants-09-00701],[@B35-antioxidants-09-00701]\] (due to normal metabolism with electron leakage in mitochondria), peroxisomes, nuclear membranes, and cytoplasm \[[@B1-antioxidants-09-00701]\], or by radiation \[[@B31-antioxidants-09-00701]\]. Superoxide radicals are neutralized by SOD enzymes, which catalyze the conversion of O~2~^•−^ to H~2~O~2~. In mitochondria, O~2~^•−^ neutralization is performed by Mn-dependent SOD2, and in cytosol and extracellular space, it is performed by Cu- and Zn-dependent SOD1 and SOD3 \[[@B9-antioxidants-09-00701]\]. At higher concentrations, O~2~^•−^ molecules can also convert to water spontaneously \[[@B1-antioxidants-09-00701]\].

Catalase (CAT) \[[@B12-antioxidants-09-00701]\], peroxiredoxins (PRDX) \[[@B13-antioxidants-09-00701],[@B14-antioxidants-09-00701]\], and glutathione peroxidases (GPX) \[[@B15-antioxidants-09-00701],[@B16-antioxidants-09-00701]\] are responsible for H~2~O~2~ neutralization to water. Peroxiredoxines (also called thioredoxin peroxidases) are thiol-specific antioxidant enzymes. They serve as antioxidants to H~2~O~2~, ONOO^−^, and other peroxides, and they can reduce even more than 90% of cellular peroxides. Peroxiredoxins are widely spread and in some organisms may constitute up to 1% of total proteins \[[@B13-antioxidants-09-00701]\]. PRDXs 1 to 3 and PRDX 5 and 6 are localized in the cytosol, mitochondria, nuclei, and peroxisomes, and PRDX4 is localized in the endoplasmic reticulum, from where it can be secreted to the extracellular space \[[@B32-antioxidants-09-00701],[@B33-antioxidants-09-00701]\].

GPX action is based on glutathione (GSH), one of the most important cellular protectors from toxic ROS effects, which is widely produced in all cells and contains more than 90% of total non-protein sulfur. The system for GSH turnover between reduced and oxidized forms performed by glutathione reductases and peroxidases is very important for cellular redox homeostasis \[[@B15-antioxidants-09-00701]\].

[Figure 2](#antioxidants-09-00701-f002){ref-type="fig"} shows the main pathways influencing the production and neutralization of NO, which plays important roles in intercellular and intracellular signaling and is produced by nitric oxide synthases (NOS1, NOS2, and NOS3). All NOS enzymes work as dimers and contain reductase and oxygenase domains in their structure. They produce NO in a reaction where L-arginine as substrate is converted to L-citrulline and NO \[[@B36-antioxidants-09-00701],[@B37-antioxidants-09-00701]\]. One of the most interesting characteristics of NOS is its ability to switch between the production of NO and superoxide radical \[[@B44-antioxidants-09-00701]\]. The switch mechanism is based on the availability of tetrahydrobiopterin (BH4) and its oxidized form, dihydrobiopterin (BH2) ([Figure 2](#antioxidants-09-00701-f002){ref-type="fig"} and [Figure 3](#antioxidants-09-00701-f003){ref-type="fig"}). Tetrahydrobiopterin is a cofactor of NOS that is necessary for the conversion of L-arginine into L-citrulline and nitric oxide \[[@B36-antioxidants-09-00701]\]. Dihydrobiopterin competes with BH4 for binding sites on NOS, and when bound to the enzyme, it changes NOS functionality in such a way that superoxide radical is produced instead of L-citrulline and NO \[[@B45-antioxidants-09-00701]\]. In an environment with a low risk of cellular stress, the NOS activity is directed toward NO generation. Stressing factors that change oxidative conditions may promote the oxidation of BH4 to BH2, and this will upregulate superoxide radical production by NOS \[[@B45-antioxidants-09-00701]\]. The activity of NOS can be also regulated by the nitric oxide synthase interacting protein (NOSIP) \[[@B46-antioxidants-09-00701]\].

The bioavailability of L-arginine, a substrate for NO production, is related to activity of the urea cycle in which the following enzymes participate: protein arginine N-methyltransferase 1 (PRMT1), dimethylargininase 1 (DDAH1), argininosuccinate synthase 1 (ASS1), argininosuccinate lyase (ASL), arginase 1 (ARG1), and ornithine transcarbamylase (OTC) ([Figure 2](#antioxidants-09-00701-f002){ref-type="fig"}).

In the urea cycle, the conversion of L-arginine to L-citrulline can go through two pathways: the first involves PRMT1 and DDAH1, and the second relies on ARG1 and OTC. The intermediates in these processes are asymmetric dimethylarginine (ADMA) and ornithine, respectively. Citrulline produced in both pathways serves for L-arginine regeneration, which is carried by ASS1 and ASL---enzymes with arginino-succinate as intermediate. Keeping the proper arginine level is important for the production of proteins, but it is also crucial for NO synthesis; however, the level of NO must be under strict control, as this radical participates in different signaling pathways \[[@B38-antioxidants-09-00701],[@B39-antioxidants-09-00701],[@B40-antioxidants-09-00701]\]. One of the possible regulatory mechanisms is the inhibition of NOS by switching its activity from the production of NO to the production of superoxide radical based on the oxidation of BH4.

The cellular level of BH4 depends on a pathway including GTP cyclohydrolase 1 (GCH1), pyruvoyl tetrapterin synthase (PTS), and sepiapterin reductase (SPR). This path is responsible for an increase in unoxidized biopterin levels: GCH1 converts GTP into dihydroneopterin triphosphate (DHNTP), and then PTS uses this to produce pyruvoyl tetrapterin (PTP), and finally, SPR processes pyruvoyl tetrapterin into tetrahydrobiopterin ([Figure 2](#antioxidants-09-00701-f002){ref-type="fig"} and [Figure 3](#antioxidants-09-00701-f003){ref-type="fig"}). BH4 can be oxidized to BH2 by superoxide radical, and other elements that can counteract this effect are superoxide dismutases (SODs), which can limit superoxide radical levels \[[@B9-antioxidants-09-00701]\]. The product of SOD action is H~2~O~2~, which positively influences the production of GTP cyclohydrolase 1 in some cells \[[@B41-antioxidants-09-00701]\]. BH4 can be also regenerated from BH2 by dihydropteridine reductase (QDPR), thus helping cells to keep redox balance \[[@B42-antioxidants-09-00701]\].

3.2. Expression of Transcripts for Enzymes Participating in Redox Regulation in Different Cell Types {#sec3dot2-antioxidants-09-00701}
----------------------------------------------------------------------------------------------------

To search for relationships between different pathways engaged in redox processes in different cell types, we investigated the expression of genes shown in [Figure 1](#antioxidants-09-00701-f001){ref-type="fig"}, [Figure 2](#antioxidants-09-00701-f002){ref-type="fig"} and [Figure 3](#antioxidants-09-00701-f003){ref-type="fig"}. The expression levels of these genes in 1025 cell lines were obtained from the Cancer Cell Line Encyclopedia \[[@B18-antioxidants-09-00701]\]. The results of this analysis are presented in [Figure 4](#antioxidants-09-00701-f004){ref-type="fig"}.

[Figure 4](#antioxidants-09-00701-f004){ref-type="fig"}a presents expression levels in nine selected cell lines, where genes were grouped by their involvement in the processes shown in [Figure 1](#antioxidants-09-00701-f001){ref-type="fig"}, [Figure 2](#antioxidants-09-00701-f002){ref-type="fig"} and [Figure 3](#antioxidants-09-00701-f003){ref-type="fig"}, and colored points show the levels of transcripts in particular cell lines. As examples, we chose cell lines of common neoplasms derived from various tissues. In [Figure 4](#antioxidants-09-00701-f004){ref-type="fig"}b, we present the results for all 1025 cell types as a heatmap. The cells (in columns) were grouped according to the tissue from which they have been derived, and the genes (in rows) were grouped similarly as in [Figure 4](#antioxidants-09-00701-f004){ref-type="fig"}a. On the right side of the heatmap, we give the mean values of each gene transcript levels (log2) in all cell lines.

The expression of genes engaged in the production and neutralization of O~2~^•−^ and NO are similar in most of the cells, but some cell types and tissue specificity are also seen ([Figure 4](#antioxidants-09-00701-f004){ref-type="fig"}a,b). Genes coding for proteins directly participating in O~2~^•−^ and NO production have low levels of transcripts in all cell types. The main enzymes that direct the neutralization of hydrogen peroxide show mostly conserved expression among different cell lines, but in contrast, they are characterized by relatively high expression ([Figure 4](#antioxidants-09-00701-f004){ref-type="fig"}b). However, superoxide dismutases, which neutralize O~2~^•−^, have an expression that strictly depends on the isoenzyme: SOD1 has the highest, SOD3 has the lowest, and SOD2 has an expression that is halfway between the other two ([Figure 4](#antioxidants-09-00701-f004){ref-type="fig"}a,b). ATOX1, which donates copper ions to SOD3, seems to have a cell line-dependent expression that is especially high in skin cancer cell lines (it is unclear if it is skin cancer cell-specific or also observed in normal skin cells) ([Figure 4](#antioxidants-09-00701-f004){ref-type="fig"}a,b). The genes that are responsible for the production and regeneration of BH4, and those that are part of the urea cycle, have cell-line specific expression that in some cases seems to be related to the tissue of origin and in others is strictly related to a single cell line ([Figure 4](#antioxidants-09-00701-f004){ref-type="fig"}b).

Further examination shows that some genes have tissue-based expression. In comparison to other tissues, bone cells have generally higher PTS and TXNRD1 expression, and a lower expression of GCH1. Hematopoietic and lymphoid tissue are characterized by lower transcript levels for SPR, DDAH1, and DDAH2. However, many cells of these tissues have a higher than average expression of CAT gene transcripts. The most distinguishing feature of central nervous system and kidney cells are an overall lower expression of GCH1 (BH4 production) compared to other tissues. Cells of the upper aerodigestive tract have on average a lower expression of DDAH2 than other cell types. Among the tissues analyzed, skin cells (next to hematopoietic and lymphoid cells) are the most distinctive in their expression of selected genes: they have a higher than average expression of QDPR and ATOX1 genes, and a visibly lower expression of GCH1, DDAH2, and ASS1. Other tissues have expression levels that do not differ significantly from average, but some are not represented by a sufficient number of cell lines to identify tissue-specific differences in expression.

3.3. Irradiation-Induced Changes of Expression of Enzymes Responsible for Superoxide and NO Radicals Production {#sec3dot3-antioxidants-09-00701}
---------------------------------------------------------------------------------------------------------------

Our analyses of the levels of reactive oxygen and nitrogen species in cells exposed to UV or ionizing radiation showed that these treatments may significantly change the redox conditions and proliferation of cells \[[@B19-antioxidants-09-00701],[@B47-antioxidants-09-00701]\]. Thus, in further work, we analyzed the ionizing radiation-induced changes in the expression of genes related to the pathways responsible for the regulation of O~2~^•−^ and NO levels in three cell lines originating from different tissues. HCT116, K562, and Me45 cells were exposed to ionizing radiation at a dose of 4Gy and incubated for 24 h in standard conditions. Transcriptomes of samples taken at 1, 12, and 24 h were assayed by microarray methods. The changes of the levels of transcripts are presented in [Figure 5](#antioxidants-09-00701-f005){ref-type="fig"}.

In general, the expression of genes coding for enzymes participating in the production of superoxide radical and NO decreased in cells exposed to ionizing radiation; the decreases were statistically significant but not considerable. Ionizing radiation caused a general increase in the levels of transcripts participating in radical neutralization, and we also observed a significant decrease in thioredoxin interacting protein (TXNIP), the inhibitor of thioredoxin (TXN), in all cell lines. The expression of PRDX and TXN genes increased after irradiation in all cell types, but cell line-specific changes were seen in CAT and GPX gene expression, suggesting that they may differently manage the neutralization of hydrogen peroxide.

Irradiation creates an oxidative environment in cells, and any excess superoxide radical is most likely processed into hydrogen peroxide by SODs. After irradiation, the expression of SOD1 and SOD2 genes increased in Me45, HCT116, and K562 cells to a similar extent. Interestingly, SOD3 transcripts showed a decrease after irradiation in all three cell types.

Radiation also caused a significant rise in the expression of genes whose products participate in BH4 production, although in contrast, the expression of genes participating in the urea cycle decreased. BH4 production seems to be an important element of the response to radiation. In K562 and Me45 cells, the expression of GCH1 and PTS genes, which are responsible for the production of BH4 from GTP, increased significantly after irradiation. The change of GCH1 transcript level was much smaller in HCT116 cells, but these cells show a higher level of GCH1 transcription in non-irradiated cells. All three cells types exposed to radiation showed a raised expression of the QDPR gene, and HCT116 had a raised expression of the SPR gene, which is also part of the BH4 production path. The reason for these changes in the expression seems to be the need for the regeneration of the decreasing pool of BH4 necessary for NO production by NOS in an oxidative environment.

The changes in expression after irradiation in all the cell lines studied (HCT116, K562, and Me45) appear to switch the urea cycle toward limiting citrulline production and the regeneration of arginine, which is plausibly to support the production of NO by NOS \[[Figure 2](#antioxidants-09-00701-f002){ref-type="fig"}\]. Me45 cells suppress PRMT1 expression to reduce the conversion of arginine to citrulline, while HCT116 cells achieve a similar effect by suppressing OTC and ARG1 genes. Additionally, Me45 cells had increased levels of ASL transcripts to support the regeneration of arginine. Similar effects of radiation on the urea cycle genes in Me45 and HCT116 were also observed in the K562 genes, suggesting that these cells use all of these mechanisms to focus on arginine production and conservation.

3.4. Changes of NOS Activity in Response to Ionizing Radiation {#sec3dot4-antioxidants-09-00701}
--------------------------------------------------------------

The significant changes after irradiation in the expression of genes in pathways governing the production of BH4, a factor important for NOS activity, suggest that NOS uncoupling may be important for cellular responses to radiation. To approach this problem, we used time-lapse fluorescent microscopy to study living Me45 cells, which were exposed to 4Gy of gamma radiation and observed over 48 h. Cells were labeled with the fluorescent probes MitoSOX Red, which interacts specifically with the superoxide radical, and DAF-FM, which detects NO. These observations showed that both these radicals form foci that often are unevenly distributed in cells ([Figure 6](#antioxidants-09-00701-f006){ref-type="fig"}a).

The superoxide radical was detected in the cytoplasm in most cells, but occasionally it was also in the nucleus. We followed the distribution of both radicals, collecting fluorescence data for each pixel in a single cell image at 0.5 h time intervals over 48 h. The distributions of O~2~^•−^ and NO were compared by the calculation of correlations of the concentrations in all pixels of the cell for each time point. As superoxide radicals have a very short lifetime, high correlation coefficients should reflect a very close distance between the sources of both radicals. The results showed that shortly after irradiation, the correlation is high, suggesting that both radicals and their sources are present in the same areas of the cell ([Figure 6](#antioxidants-09-00701-f006){ref-type="fig"}b). The correlation diminished with time, which suggests that the NO and O~2~^•−^ sources were separating spatially from each other ([Figure 6](#antioxidants-09-00701-f006){ref-type="fig"}b). The appearance of superoxide radicals and NO in the same places in the cell after irradiation, which was reflected by an increase in the correlation coefficient, could result from the uncoupling of NOS activity (decrease in BH4, whose oxidation may be induced by ionizing radiation) and increase in the production of O~2~^•−^ by these enzymes. The irradiation-induced significant overlapping of O~2~^•−^ and NO distributions (Pearson's correlation coefficient of about 0.4) did not persist long and decreased a few hours after irradiation ([Figure 6](#antioxidants-09-00701-f006){ref-type="fig"}b). In spite of the exposure to ionizing radiation, the group of cells observed proliferated quite frequently. An increase in the correlation of the distribution of superoxide radical and NO was also observed during cell division, and spikes occurred in Pearson's correlation between NO and O~2~^•−^ localization just before cell division ([Figure 6](#antioxidants-09-00701-f006){ref-type="fig"}c).

4. Discussion {#sec4-antioxidants-09-00701}
=============

Here, we show the results of analyses of the expression of genes coding for enzymes that participate in the regulation of cellular redox status, comparing the levels of transcripts for these genes in more than 1000 cell types from different tissues, including cancer cell lines. We used the unique resources of the Cancer Cell Line Encyclopedia database \[[@B18-antioxidants-09-00701]\] to obtain data for thousands of cell lines that can be directly compared.

The main striking feature of our analysis is the marked intercellular and inter-tissue similarity of transcript profiles for genes coding enzymes engaged in the production of NO and O~2~^•−^ (low expression) or in the neutralization of H~2~O~2~ (high expression), which shows that some of the mechanisms that regulate radical levels must be common to many cell types. High and very similar transcript levels were observed for PRDX, TXN, and TXNRD1 in all cells. In the case of PRDX expression, this similarity as well as the change in response to radiation is not surprising, because these proteins are highly conserved and play similar roles in different tissues and organisms \[[@B48-antioxidants-09-00701]\]. Peroxiredoxines participate in the cellular signaling of reactive oxygen species, and they may play a role as chaperones and also participate in non-canonical transcript-independent circadian clocks \[[@B48-antioxidants-09-00701]\]. They exist as dimers that can form intramolecular disulfide bridges that are reduced by thioredoxin (TRX), which is in turn reduced by thioredoxin reductases utilizing NADPH as a source of reducing power \[[@B49-antioxidants-09-00701]\]. Thus, PRDX together with TXN and TXNRD1 comprise a regulatory circuit, and one could expect that all its elements will be expressed at a similar level in all cell types. TXN is overexpressed in many human cancers, and high levels appear to be related to decreased patient survival \[[@B50-antioxidants-09-00701],[@B51-antioxidants-09-00701]\], while increased transcript levels have been found in primary human lung and colorectal cancers \[[@B52-antioxidants-09-00701]\]. Moreover, studies of Hoshi 1997 revealed that IR induces increased levels of not only transcripts but also proteins in human lymphocytes \[[@B53-antioxidants-09-00701]\]. Tumors with higher TXN have increased cell growth and inhibited apoptosis \[[@B51-antioxidants-09-00701],[@B52-antioxidants-09-00701]\]. The overexpression of TXN in lung carcinomas and the subsequent redox regulation and activation of a number of intracellular proteins that control cell growth and proliferation may be an indication of more aggressive tumor phenotypes \[[@B54-antioxidants-09-00701]\]. Altogether, these features show that TXN is an important regulator of redox homeostasis and seems to be a crucial element of the PRDX--TXN circuit.

Further genes with high and similar expression in all tissues are SOD1, which converts superoxide radicals to H~2~O~2~, and GPX4, which neutralizes H~2~O~2~. These enzymes, but not catalase, may belong to the same ancient conserved system as PRDX and TXN, which regulates redox homeostasis and also displays an endogenous circadian rhythm that is interconnected with circadian clocks based on gene expression feedback loops \[[@B48-antioxidants-09-00701],[@B49-antioxidants-09-00701]\]. Catalase, which shows lower and tissue-specific expression ([Figure 5](#antioxidants-09-00701-f005){ref-type="fig"}), is most probably is not an element of the same pathway. Another gene expressed equally highly in all cell types is that coding for protein arginine methyltransferase 1, which is regulated by oxidation and produces ADMA, which is a NOS inhibitor \[[@B55-antioxidants-09-00701]\]. The high level of PRMT1 in all cell lines suggests that the regulation of NO levels is crucial for cellular homeostasis in all cell types. NO levels are regulated by the modulation of NOS activity, which depends on the availability of cofactors and the activity of enzymes that produce and regenerate them. The main NOS cofactor is BH4, whose production goes through a series of reactions carried out by the enzymes GCH1, PTS, and QDPR. In HCT116, K562 and Me45 cells' exposure to radiation induces an increased expression of these genes ([Figure 5](#antioxidants-09-00701-f005){ref-type="fig"}). BH4 seems to be especially important in the cellular oxidative stress response, as it is needed for NO production from L-arginine, and in oxidative conditions, BH2 appears, which uncouples NOS and switches the enzyme to superoxide radical production \[[@B34-antioxidants-09-00701]\]. Here, we propose a new method for estimating this NOS uncoupling by measuring the correlation between the intracellular distribution of NO and O~2~^•−^ detected by specific fluorescent probes. We observed that the sources of these two radicals co-localize and that this correlation increases in oxidative conditions created by exposure to ionizing radiation. We hypothesize that this effect most probably results from NOS uncoupling; radiation induces an oxidative environment, resulting in the increased oxidation of BH4 to BH2 and causing a switch from NO production to superoxide radical production. This co-localization decreases over time ([Figure 6](#antioxidants-09-00701-f006){ref-type="fig"}), which is probably due to cells regaining their balanced redox state rise and BH4 to BH2 ratio. The switch of nitric oxide synthases to the production of superoxide radicals can be part of a mechanism that, in response to ionizing radiation, raises the superoxide radical level to a threshold at which further pathways participating in the neutralization of O~2~^•−^ are activated.

NO is a signaling molecule that may act as an autocrine or paracrine messenger, which in human organisms regulates many functions, such as blood pressure, neurotransmission, immune response, and oxidation-sensitive mechanisms \[[@B56-antioxidants-09-00701]\]. The major reactions involving NO include its rapid oxidation and peroxynitrites, which are generated from reaction with a superoxide, can interact with several cellular components, and are implicated in NO signaling mechanisms involving protein modifications \[[@B34-antioxidants-09-00701]\]. It is possible that for the fast production of specific products of NO and O~2~^•−^ interactions, cells use the switch mechanism with NOS uncoupling to have both substrates in one place.

In a time-lapse experiment, we observed sharp increases in the correlation of the distribution of superoxide radicals that appeared just before cell division. This increased overlapping of both radicals in space could be due to the detachment and change of the shape of cells, but one could also speculate that the change of shape that causes an increase in the concentration of reactive oxygen species may have a similar effect as irradiation and cause the switching of NOS for the production both NO and O~2~^•−^ radicals in short time intervals, which would speed up the oxidation of NO necessary to create specific signaling molecules for the next steps in cell division.

Cells have developed systems to maintain ROS levels as stable and counteract oxidative stress. Different cell types use different redox pathways to cope with redox stress. It seems that cells have special mechanisms that are triggered by high doses of radiation. Identifying the mechanisms by which cancer cells adjust to and survive in an oxidative environment may be important in radiotherapy.
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![The main pathways responsible for the regulation of NO and superoxide radical levels in living cells. Rectangles indicate participating proteins and arrows indicate the direction and products of reactions.](antioxidants-09-00701-g001){#antioxidants-09-00701-f001}

![Cellular pathways influencing the production and neutralization of NO. The colored arrows show the direction of change (up/down regulation) of enzyme mRNA levels after the exposure of melanoma Me45 (green), K562 (red), and HCT116 (blue) cells to ionizing radiation.](antioxidants-09-00701-g002){#antioxidants-09-00701-f002}

![The tetrahydrobiopterin (BH4) pathway in NO and superoxide radical production and neutralization. The colored arrows show the direction of change of enzyme mRNA levels after the exposure of melanoma Me45 (green), K562 (red), and HCT116 (blue) cells to ionizing radiation.](antioxidants-09-00701-g003){#antioxidants-09-00701-f003}

![Comparison of the expression of enzymes participating in the production of superoxide radicals and NO and their neutralization in (**a**) 9 cell lines and (**b**) a heatmap comparison of such expression in 1025 cell lines derived from different tissues.](antioxidants-09-00701-g004){#antioxidants-09-00701-f004}

![Response to ionizing radiation exposure in three cell lines: HCT116 (1), K562 (2), and Me45 (3) assayed at 1 h, 12 h, and 24 h after irradiation with 4 Gy of gamma rays (blue, red, and green bars, respectively). To better show the direction of changes, the results are presented as log2 of the fold change. Asterisks mark statistically significant fold changes.](antioxidants-09-00701-g005){#antioxidants-09-00701-f005}

![Distribution of superoxide and NO radicals in living control and 4Gy-irradiated (IR) Me45 cells. (**a**) Fluorescence microscopy detection of O~2~^•−^ and NO labeled respectively with MitoSOX Red and DAF-FM diacetate. (**b**) Correlation between O~2~^•−^ and NO distributions (measured by Pearson's correlation coefficient) in four irradiated cells. (**c**) Changes of correlation between O~2~^•−^ and NO concentrations (measured by Pearson's correlation coefficient) during cell cycle in a single irradiated Me45 cell, with marked cell division time points. (**d**) Images of the cell shown in (**c**) at selected time points.](antioxidants-09-00701-g006){#antioxidants-09-00701-f006}
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